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An optical resonator is often called fully tunable if its tunable range exceeds the spectral interval that contains 
the resonances at all the characteristic modes of this resonator. For the high Q-factor spheroidal and toroidal 
microresonators, this interval coincides with the azimuthal free spectral range. In this Letter, we demonstrate the 
first mechanically fully tunable spheroidal microresonator created of a silica microbubble having a 100 micron 
order radius and a micron order wall thickness. The tunable bandwidth of this resonator is more than two times 
greater than its azimuthal free spectral range. 
 
OCIS codes: (060.2340) Fiber optics components; (230.3990) Micro-optical devices; (140.4780) Optical 
resonators; (140.3948)   Microcavity devices; (130.6010) Sensors. 
 
 
A wide class of optical microresonators having the shape of 
spheres and spheroids [1-5], toroids [6,7], disks [8,9], bottles [10-
12], etc. support the high Q-factor whispering gallery modes 
(WGMs) which are localized near the equator of these resonators 
as illustrated in Fig. 1(a). For the axially symmetric resonators, the 
wavenumber spectrum of these modes can be approximately 
defined by the equation 
( )( )1/21 1/3 1/3 10 0 122 / ,mpq pk R m t m q R R− −⎡ ⎤≈ + Δ + + +⎣ ⎦         (1) 
 
 
 
 
Fig. 1. (a) – Illustration of an optical microresonator. (b) – Bulk 
spherical microresonator with applied stretching force. (c) – Hollow 
spherical microresonator with applied stretching force. 
 
where 2 /mpq eff mpqk nπ λ= , λ is the radiation wavelength, effn  is 
the effective refractive index of WGMs, pt are the roots of the Airy 
function, 0R  and 1R  are the radii of the microresonator surface 
along the equator and the axis of symmetry, respectively, and 
~ 1Δ  is a polarization-dependent shift having a relatively weak 
dependence on the WGM quantum numbers m, p, and q (see, e.g., 
[2,10]). The azimuthal quantum number m in Eq. (1) is large, 
1m >> . It corresponds to the exponential dependence 
0exp[ / (2 )]ism Rπ±  of a WGM from the coordinate s along the 
equator. Integers q and p are responsible for the WGM behavior 
along the directions transversal to s. The numbers p and q are 
relatively small so that a WGM is localized near the equator. The 
quantum number p counts the roots of a WGM along the radial 
direction, while the number q is the number of roots along the axial 
direction. The WGM radial and axial dependencies can be 
approximately expressed through the Airy function and Hermite 
polynomial, respectively (see, e.g. [13]). 
The spectrum defined by Eq. (1) is approximately periodic 
in m so that the experimentally measured positions of resonance 
peaks are also approximately periodic with the period equal to 
the azimuthal free spectral range (FSR) ( ) 10
azim
FSRk R
−Δ =  
corresponding to the wavelength FSR  
( ) 1 2
0(2 )
azim
FSR effn Rλ π λ−Δ = .     (2) 
More importantly, due to the exponential dependence 
0exp[ / (2 )]ism Rπ±  on m, which is uniform in amplitude and 
qualitatively similar for all WGM, it often happens that the 
measured spectral power distribution has the same period 
( )azim
FSRλΔ . Thus, any spectral interval of length ( )azimFSRλΔ  contains 
the full set of resonances corresponding to any type of WGMs 
with numbers p and q [14]. For this reason, a microresonator is 
called fully tunable if its tuning wavelength interval exceeds the 
FSR ( )azimFSRλΔ  [3,12]. A resonance corresponding to any 
transversal WGM distribution of a fully tunable microresonator 
can be shifted to any predetermined laser wavelength. 
The problem of creation of wide-range tunable 
microresonators received a substantial amount of attention [15-
18]. In particular, creation of a fully tunable high Q-factor 
microsphere-type microresonator is of special interest [1-3,5,7-
9,12]. For several applications (e.g., for tuning a microresonator 
to the frequencies of atomic and molecular transitions in cavity 
quantum electrodynamics [19-21]), the full tunability is 
important to adjust the modes possessing the strongest field 
confinement corresponding to the fundamental WGMs having 
0p q= = . For other applications (e.g., for tunable narrow 
linewidth microlasers, optical filters, switches, and evanescent 
sensors [1-5]), a fully tunable microresonator provides 
remarkable functionality when any type of the existing WGM 
intensity distribution is available at any radiation wavelength. 
Both thermal and mechanical tuning of high Q-factor 
WGM microresonators have been considered. For practical 
temperature range, thermal tuning of a microsphere [5] allows 
less tunability than mechanical tuning. While direct mechanical 
deformation of a microtoroid is problematic, Ref. [7] 
demonstrated a microtoroid resonator having the thermal 
tunability ~ 0.35 ( )azimFSRλΔ .  A mechanically tunable microsphere 
resonator was demonstrated both by squeezing [2] and stretching 
[3,12]. The record mechanical tunability, ~ 0.5 ( )azimFSRλΔ , was 
achieved in [3] for a microsphere having a 210 μm diameter. In 
[8,9], a LiNbO3 disk WGM resonator with a macroscopic diameter 
4.8 mm was fully tuned electrically. However, application of the 
approach [8,9] to achieve the full tunability for a much smaller 
microresonator, like considered in this Letter, requests an 
impractically large applied voltage. The authors of Ref. [12] 
experimentally considered a bottle microresonator [10] defined by 
the elongation condition 0 1R R<< . As follows from Eq. (1), for 
such a resonator, the spacing between the q-series of resonances, 
corresponding to the axial FSR ( ) 1 1/2 20 1(2 ) ( )
axial
FSR effn R Rλ π λ− −Δ = , 
is smaller than that between the m-series, 
( ) 1 2
0(2 )
azim
FSR effn Rλ π λ−Δ = , by the factor 1/21 0( / )R R  and, therefore, 
is easier to accomplish. In [12], tuning between the resonances 
having 0q =  and 1q =  was demonstrated by stretching. To 
achieve the full tunability, bridging of the azimuthal FSR, 
( )azim
FSRλΔ , with several q-series axial FSRs, ( )axialFSRλΔ , was 
suggested. However, unlike the situation with the FSR ( )azimFSRλΔ  for 
the m-series, the transversal structure of the WGMs corresponding 
to different q is qualitatively different. Therefore, the problem of 
full tunability, i.e., ability to shift a microresonator to a resonance 
at an WGM with any predetermined transversal structure (e.g., to a 
fundamental transverse WGM having 0p q= = ) remained 
unsolved. 
In this Letter, the problem of full tunability of a few hundred 
μm diameter high Q-factor microresonator is solved for the first 
time using the recently demonstrated silica microbubble resonator 
(MBR) [22]. An MBR considered in this Letter is a silica bubble 
with dimensions of the order of hundred microns and an extremely 
small wall thickness of the order of a micron. The MBR is created 
along a silica microcapillary by simultaneous local melting with a 
CO2 laser and pressurizing. Generally, the method developed in 
[22] allows to fabricate small silica MBRs with diameters ranging 
from several hundreds to several μm. Similar to a silica 
microsphere resonator [1-5], an MBR is a high Q-factor resonator, 
which possesses series of WGMs localized near the equator. Eq. 
(1) can be applied to an MBR after modification of the p-
dependent term by taking into account the microbubble wall 
thickness h. In particular, for h smaller than the radiation 
wavelength λ, the p-series shrinks to 0p = . An MBR exhibits 
several advantageous properties. For example, a small wall 
thickness of an MBR, which has the order of the radiation 
wavelength, allows one to use this resonator as a very responsive 
evanescent sensor of the microfluid or gas propagating inside the 
MBR. Besides, the thin wall makes an MBR much more 
responsive to the mechanical deformations, which can be used for 
strain and pressure measurements. For the same reason, a hollow 
MBR is more favorable for mechanical tuning than a similar bulk 
microresonator. The microcapillary pigtails, which are 
continuously integrated with an MBR, can be conveniently used 
for mechanical stretching or compressing of this resonator. 
Prior to describing the results of our experiment, let us 
qualitatively compare the behavior of bulk and hollow WGM 
resonators under stretch. It is known that the major contribution 
into the spectral shift of microsphere-shaped microresonators is 
given by the variation RΔ of their equatorial radius 0R [2,3]. 
Ignoring the relatively small effects of change in refractive index 
and in axial radius 1R , we determine the resonance wavelength 
shift as  
0/R Rλ λΔ ≈ Δ .       (3) 
From here and Eq. (2), the tunability figure of merit (FOM) is 
defined as 
( )FOM / 2 /azimFSR effn Rλ λ π λ= Δ Δ = Δ .   (4) 
To find RΔ for a given applied stretching force F, a spherical 
microresonator with simplified stretch conditions is considered 
(Fig. 1(b)). The bulk sphere with radius 0R  is assumed to be 
pulled by the radial pressure uniformly distributed along the 
surfaces with radius a resulting in stretching force F. Using the 
analytical solution to this problem [23], we approximate the 
change 0RΔ  of the equatorial radius 0R  in the form 
2 2
0 0(0.25 0.083 0.085 / ) / ( )R a R F ERνΔ = − − , where E and ν 
are the Young modulus and the Poisson ratio of the sphere 
material, respectively. For 00.7a R< , this expression is valid 
with better than 1%. From here, a useful estimate for the radius 
variation can be obtained: 
0~ 0.2 / ( )R F ERΔ       (5) 
Now, let us consider a model of a hollow sphere with wall 
thickness h, which is stretched with vertical force F uniformly 
distributed along the aperture of radius a (Fig. 1(c)). From the 
elastic shell theory [24] we find: 
 (1 ) / (2 ) ~ 0.2 / ( )R F Eh F Ehν πΔ = + ,    (6) 
where in the last expression we used 0.17ν =  for silica. 
Comparison of Eqs. (3), (5) and (6) yields the ratio of forces 
bulkF  and hollowF  necessary to achieve the same resonant 
wavelength shift in a bulk and in a hollow sphere: 
0/ /bulk hollowF F R h= ,     (7) 
For typical MBR parameters, this ratio is ~ 100 [22]. The 
maximum λΔ  is limited by the ultimate strength of silica 
~ 1 5maxp −  GPa [25]. For a bulk sphere, the corresponding 
maximum force and wavelength shift are ( ) 2maxbulk maxF p aπ=  and 
 ( ) 20~ 0.2 ( / )( / )
max
bulk maxp E a Rλ π λΔ ,   (8)  
respectively. For a hollow sphere, we have ( ) 02
max
hollow maxF p R hπ=  
and  
( ) ~ 0.4 ( / )maxhollow maxp Eλ π λΔ .     (9) 
Thus, the ratio of the largest possible resonance shifts, which can 
be achieved for a hollow and a bulk sphere, is  
2 2
0/ ~ 2 /
(max) (max)
hollow bulk R aλ λΔ Δ .    (10) 
For example, for the parameters of the microresonator 
considered in [3], 0 105R = μm, 45a = μm, Eq. (7) predicts ten 
times larger tunability of the hollow sphere compared to that of a 
bulk one. From Eqs. (8) and (9), for 0.8λ = μm considered in 
[3] and ~ 1maxp GPa, the maximum tunability of the bulk 
microresonator investigated in [3] is ~ 1bulkmaxλΔ nm, while a 
similar hollow resonator has ~ 10hollowmaxλΔ nm. More accurate 
comparison of hollow and bulk microresonator models can be 
performed by numerical simulations. 
The MBR used in our experiment is shown in Fig. 2(a). It is 
fabricated by the CO2 laser heating and pressurizing method 
described in [22]. The MBR is created along a microcapillary 
with radius 60a = μm and has the spheroidal shape with 
equatorial radius 0 110R = μm and axial radius 1 160R = μm. The 
measured microcapillary wall thickness is 5.5 μm (Fig. 2(b)). The 
MBR wall thickness is 0 /R a  times smaller, i.e., 3h ≈ μm. The 
azimuthal FSR of this resonator at 1.55λ ≈ μm considered in our 
experiment is ( ) 2.5azimFSRλΔ ≈ nm. For this wavelength 
and ~ 1maxp GPa, Eq. (9) estimates the tunable range of this 
resonator as ~ 20hollowmaxλΔ nm, which is  6.6 times larger than that 
for a similar bulk resonator. In addition, the stretching force, which 
is needed to achieve the same wavelength shift, is ~ 36 times 
smaller. 
 
 
 
Fig. 2. (a) – Optical microscope picture of the MBR used in the 
experiment. (b) – Optical microscope picture of the cross-section of the 
capillary from which the MBR was created. (c) – Illustration of the setup 
used for the MBR stretching. 
 
The MBR capillary ends are glued to the PZT stages as 
illustrated in Fig. 2(a) and (c). Light is coupled into the MBR with 
a biconical taper that is fabricated from a standard single mode 
fiber by the indirect CO2 laser heating method [26]. The microfiber 
waist of this taper has a diameter of ~ 1.7 μm and length ~ 3.5 mm. 
The microfiber is positioned in direct contact with the microbubble 
along its equator. The taper is slightly relaxed in order to avoid the 
displacement of the microfiber with respect to the MBR in the 
process of stretching. The ends of the taper are connected to the 
JDS Uniphase tunable laser source and detector. The measured Q-
factor of the observed resonances, limited by the detector 
resolution, 3 pm, exceeds 610 .  Fig. 3(a) shows the spectral 
fragments taken in the wavelength interval 1554±4 nm (equal to ~ 
3.5 ( )azimFSRλΔ ) with 2.5 μm steps of the PZT displacement. More 
detailed picture of the spectral evolution is given by Fig. 3(b), 
which shows the magnified spectral profiles (now, after each 0.5 
μm step of the PZT displacement) of the region outlined by a bold 
rectangular in Fig. 3(a). In our experiment, the translation range of 
the PZT was limited by 30 μm. This restriction did not allow us to 
determine the actual tunable range of the MBR (with the same 
PZT, the tunability can be increased by decreasing the distance 
between the epoxy and the microbubble, see Fig. 2(a), (c)). 
Nevertheless, from Fig. 3(a), the available 30 μm stretching 
corresponds to the resonance wavelength shift of ~ 5.5 nm, 
which results in the tunability FOM / 2.2FSRλ λΔ Δ ≈ , the record 
value achieved for the high Q-factor WGM microresonators. 
 
 
 
Fig. 3. (a) – Transmission spectra of the MBR for different PZT 
displacements. (a) – PZT displacement step is 2.5 μm. (b) – PZT 
displacement step is 0.5 μm. 
 
In summary, we have demonstrated a fully tunable silica 
MBR having a tuning range more than two times larger than the 
azimuthal FSR of this resonator. This is the largest tuning range 
ever demonstrated for the high Q-factor microcavities 
(microspheres, microspheroids, microtoroids, etc.) significantly 
exceeding the record result obtained previously. Tunability of an 
MBR is accomplished with a much smaller stretching force than 
that needed for a similar bulk microresonator. The translation 
range limit of our PZT did not allow us to determine the actual 
tunable range of the MBR, which, according to our theoretical 
estimates, can be considerably greater than that we have 
demonstrated. A similar approach allows to fabricate much 
smaller MBRs from silica capillary fibers with smaller 
diameters. 
The authors are grateful to D. J. DiGiovanni and V. S. 
Ilchenko for useful discussions. 
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